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B E A R I N G  LUBRICANT ENDURANCE CHARACTERISTICS 

AT H I G H  SPEEDS A N D  H I G H  TEMPERATURES 

INTRODUCTION 

T h i s  i s  t h e  n i n t h  q u a r t e r l y  p r o g r e s s  r e p o r t  on  r e s e a r c h  
p e r f o r m e d .  u n d e r  C o n t r a c t  NASw-492, " A  S t u d y  o f  B e a r i n g  L u b r i c a n t  
E n d u r a n c e  C h a r a c t e r i s t i c s  a t  H i g h  S p e e d s  a n d  H i g h  T e m p e r a t u r e s . "  

T h e  p r o g r a m  i s  b e i n g  c o n d u c t e d  i n  t w o  p h a s e s ,  t h e  f i r s t  o f  
w h i c h  i s  t o  d e t e r m i n e  t h e  l i m i t i n g  l o a d ,  s p e e d  a n d  t e m p e r a t u r e  o f  
h i g h - t e m p e r a t u r e  t o o l - s t e e l  7205-size b e a r i n g s  l u b r i c a t e d  w i t h  t h e  
m o s t  a d v a n c e d  p r e s e n t - d a y  f l u i d s .  I n  P h a s e  11, t h e s e  b e a r i n g s  
a r e  b e i n g  e n d u r a n c e  t e s t e d  i n  3 0 - b e a r i n g  g r o u p s  w i t h  t h e  m o s t  
p r o m i s i n g  l u b r i c a n t s ,  a t  t h e  p r e v i o u s l y  d e t e r m i n e d  o p t i m u m  t e s t  
c o n d i t i o n s ,  i n  o r d e r  t o  e s t a b l i s h  t h e i r  d e s i g n  l i f e  a n d  r e l i a b i l i t y  
p a r a m e t e r s .  T e s t s  a r e  c o n d u c t e d  i n  n i t r o g e n  b l a n k e t e d  h i g h - s p e e d  
h i g h - t e m p e r a t u r e  t e s t  m a c h i n e s  d e v e l o p e d  b y  BElF  I n d u s t r i e s ,  I n c .  

T h e  w e a r  r e s i s t a n c e  o f  p o t e n t i a l  h i g h - t e m p e r a t u r e  c a g e  
m a t e r i a l s  l u b r i c a t e d  w i t h  c a n d i d a t e  h i g h - t e m p e r a t u r e  f l u i d s  i n  a 
m o d i f i e d  f l a t - w a s h e r  t e s t e r  i s  a l s o  b e i n g  e v a l u a t e d .  R e s u l t s  o f  
t h e s e  t e s t s  h a v e  a l r e a d y  b e e n  s u c c e s s f u l l y  a p p l i e d  t o  t h e  h i g h -  
s p e e d  h i g h - t e m p e r a t u r e  b e a r i n g s  p r e v i o u s l y  m e n t i o n e d .  

SUMMARY 
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P h a s e  I t e s t i n g  h a s  c o n t i n u e d  w i t h  n i n e  c o n s u m a b l e  e l e c t r o d e  
v a c u u m  m e l t e d  ( C V M )  M - 1  s t e e l  7 2 0 5  a n g u l a r - c o n t a c t  b a l l  b e a r i n g s  
a n d  t h r e e  h i g h - t e m p e r a t u r e  l u b r i c a n t s ,  v i z . ,  a h i g h l y  v i s c o u s  e s t e r  
b a s e  o i l ,  S i n c l a i r  T u r b o  S ( t y p e  1 0 4 8  i m p r o v e d ) ,  a s i x - r i n g  p o l y -  
p h e n y l  e t h e r ,  M o n s a n t o  OS-138 (MLO-60-231) a n d  a v i s c o u s  h y d r o -  
c a r b o n ,  K e n d e x  B r i g h t  S t o c k  0 8 4 6  a t  s p e e d s  u p  t o  45,000 r p m ,  mean 
t e m p e r a t u r e s  u p  t o  6 8 0 ° F  a n d  u n d e r  365 l b s .  t h r u s t  l o a d .  C h e c k - o u t  
t e s t s  were c o n d u c t e d  t o  d e t e r m i n e  t h e  o p e r a t i n g  t e m p e r a t u r e  o f  t h e  
r i g  a n d  b e a r i n g s  when h e a t e d  b y  i n t e r n a l  h e a t  g e n e r a t i o n  o n l y ,  a t  
4 5 , 0 0 0  r p m  a n d  t o  a r r i v e  a t  a s u i t a b l e  a r r a n g e m e n t  f o r  e x t e r n a l  
c o o l i n g .  R u n s  were a l s o  made t o  s e l e c t  t h e  m o s t  w e a r  r e s  
c a g e  m a t e r i a l s  f o r  P h a s e  I1 t e s t i n g .  

- -- 

P h a s e  I1 e n d u r a n c e  t e s t i n g  h a s  commenced w i t h  t h e  t e s t i n g  o f  
s i x t e e n  b e a r i n g s  o u t  o f  t h e  i n i t i a l  g r o u p  o f  30 CVM M - 1  s t e e l  b e a r i n g s  
l u b r i c a t e d  w i t h  E s s o  T u r b o  O i l  35 a t  4 2 , 8 0 0  r p m ,  a n d  5 0 0 ° F  u n d e r  
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365 l b s .  t h r u s t  l o a d .  B e c a u s e  o f  t h e  c u r r e n t  u n a v a i l a b i l i t y  o f  
t h e  s p e c i f i c  b e a r i n g s  a n d  l u b r i c a n t s  a g r e e d  u p o n  p r e v i o u s l y  f o r  
t h e  i n i t i a l  P h a s e  I1 t e s t i n g ,  a s u g g e s t i o n  f o r  t h e  f u r t h e r  m i n o r  
r e d i r e c t i o n  o f  t h e  P h a s e  I 1  p r o g r a m  h a s  b e e n  s u b m i t t e d  t o  N A S A  
a n d  h a s  r e c e i v e d  v e r b a l  a p p r o v a l .  

T h r e e  c a g e  m a t e r i a l  s c r e e n i n g  t e s t s  h a v e  b e e n  c o n d u c t e d  i n  
t h e  m o d i f i e d  f l a t - w a s h e r  t e s t e r  a t  7 0 0 0 F  u s i n g  two o f  t h e  c u r r e n t l y  
b e s t  w e a r  r e s i s t a n t  m a t e r i a l s ,  M - 1  (Rc 60)  a n d  S-Monel  (Rc 331, 
w i t h  a MoS2 s u s p e n s i o n  i n  Esso FN-3157 a n d  K e n d e x  B r i g h t  S t o c k  0 8 4 6  
o i l s  i n  o r d e r  t o  e x p l o r e  w h e t h e r  MoS2 w i l l  i m p r o v e  t h e  t e m p e r a t u r e  
c a p a b i l i t y  o f  t h e s e  l u b r i c a n t s .  

C O N C L U S I O N S  

1. P h a s e  I T e s t i n g  

( a )  O n l y  s h o r t  r u n s  (3 .9  x 106 r e v . ,  a t  4 2 , 8 0 0 - 4 5 , 0 0 0  r p m )  
h a v e  b e e n  a c c o m p l i s h e d  t o  d a t e  w i t h  S i n c l a i r  T u r b o  S e s t e r  a n d  
M o n s a n t o  OS-138 6 - r i n g  p o l y p h e n y l  e t h e r ,  t h e  two n e w  o i l s  t e s t e d  i n  
t h i s  r e p o r t  p e r i o d .  I n  t h e s e  s h o r t  r u n s ,  S i n c l a i r  T u r b o  S o p e r a t e d  
a t  5 4 0 0 F  w i t h o u t  s u r f a c e  d i s t r e s s  a n d  M o n s a n t o  OS-138 o p e r a t e d  
l i k e w i s e  a t  560OF.  L o n g e r  t e s t  r u n s  p l a n n e d  f o r  t h e  n e x t  p e r i o d  
w i l l  d e t e r m i n e  t h e  p e r f o r m a n c e  r a t i n g  o f  t h e s e  o i l s .  

( b )  S-Monel  (Rc 33) c a g e s  a p p e a r  m o r e  w e a r  r e s i s t a n t  
t h a n  M - 1  (Rc 55) t o o l  s t e e l  c a g e s ,  when r u n  a t  4 0 , 0 0 0 - 4 5 , 0 0 0  r p m .  
i n  7 2 0 5  b e a r i n g s .  S-Monel  w e a r  s u r f a c e s  ( a n d  s i l v e r - p l a t e d  s t e e l  
s u r f a c e s )  a r e  b e i n g  p r o v i d e d  f o r  f u t u r e  t e s t s .  

2 .  P h a s e  I1 E n d u r a n c e  T e s t i n g  

( a )  S i x t e e n  CVM M - 1  s t e e l  b e a r i n g s  h a v e  c o m p l e t e d  e n d u r a n c e  
t e s t i n g  a t  4 2 , 8 0 0  r p m ,  5 0 0 ° F ,  u n d e r  365 l b s .  t h r u s t  l o a d  ( c a l c u l a t e d  
L 1 o  = 4 8 0  m i l l i o n  r e v s . ) ,  w i t h  E s s o  T u r b o  O i l  35. F o u r t e e n  o f  t h e s e  
h a v e  e x c e e d e d  100 m i l l i o n  r evs . ,  a n d  o f  t h e s e ,  s i x  h a v e  r e a c h e d  
230 m i l l i o n  r e v s . ,  t h e  t e s t  t e r m i n a t i o n  l i f e :  a l l  w i t h o u t  f l a k i n g  
f a t i g u e  f a i l u r e s .  T h e  r e m a i n i n g  two b e a r i n g s  were i n  a n  a b o r t e d  
t e s t .  T h u s ,  t h e r e  i s  r e a s o n  t o  e x p e c t  t h a t  u n d e r  t h e  t e s t  c o n d i t i o n s ,  
v e r y  few f a t i g u e  f a i l u r e s  w i l l  o c c u r  w i t h i n  t h e  p l a n n e d  t e s t  
d u r a t i o n ,  i n d i c a t i n g  v e r y  f a v o r a b l e  b e a r i n g  p e r f o r m a n c e .  

( 'b)  S i l v e r - p l a t e d  M - 1  (Rc 55)  t o o l  s t e e l  c a g e s  a p p e a r  t o  
b e  m o r e  w e a r  r e s i s t a n t  t h a n  S-Monel  ( R c  33) c a g e s  i n  t h e s e  e n d u r a n c e  
t e s t s .  

-2-  

RESEARCH LABORATORY ssp I N D U S T R I E S ,  I N C .  



AL65T00 2 

3 .  C a g e  T e s t s  

Two p e r  c e n t  MoS2 added t o  Esso FN-3157 ( m i n e r a l  o i l )  o r  
K e n d e x  B r i g h t  S t o c k  0846 i n  s u s p e n s i o n  form h a s  n o t  i m p r o v e d  t h e  
a b i l i t y  o f  t h e s e  f l u i d s  t o  p r e v e n t  cage  w e a r  i n  M-1 (Rc 6 0 )  o r  
S-Monel  (Rc 33)  s p e c i m e n s  a t  700°F. 

-3- 

RESEARCH LABORATORY SSP INDUSTRIES, INC. 



AL65T002 

DETAILS 

1. R e d i r e c t i o n  o f  R e m a i n i n n  E f f o r t  

B e c a u s e  o f  t h e  u n a v a i l a b i l i t y  o f  S o c o n y  X R M  1 0 9 F  h i g h l y -  
r e f i n e d  m i n e r a l  o i l ,  a n d  a l s o ,  o f  CVM WB49 a n d  CVM 440C ( m o d i f i e d )  
s t e e l  b e a r i n g s  u n t i l  F e b r u a r y ,  1965, t h e  P h a s e  I1 e n d u r a n c e  t e s t s  
a s  o u t l i n e d  i n  (1)  r e q u i r e  f u r t h e r  m i n o r  r e d i r e c t i o n .  T h e  p r o p o s e d  
s c h e d u l e  o f  e n d u r a n c e  t e s t s  f o r  t h e  r e m a i n i n g  t ime i n  t h i s  c o n t r a c t  
i s  g i v e n  i n  t h e  l e t t e r  t o  N A S A  r e p r o d u c e d  i n  t h e  A p p e n d i x .  N A S A ' s  
v e r b a l  a p p r o v a l  o f  t h i s  l e t t e r  h a s  b e e n  r e c e i v e d .  

2 .  C o n t i n u e d  P h a s e  I T e s t i n g  w i t h  P o l y p h e n y l  E t h e r ,  
H y d r o c a r b o n  a n d  E s t e r  B a s e  L u b r i c a n t s  

N i n e  CVM M - 1  s t e e l  7 2 0 5  b e a r i n g s  a s s e m b l e d  w i t h  e i t h e r  
a g e - h a r d e n e d  (Rc 33) S-Monel  o r  h a r d e n e d  (Rc 5 5 )  M - 1  s t e e l  c a g e s  
( E n c l o s u r e s  1 ,  2 ,  3 a n d  4 )  a n d  CVM M - 1  s t e e l  b a l l s  were t e s t e d  a t  
s p e e d s  u p  t o  45,000 r p m ,  mean t e m p e r a t u r e s  u p  t o  6 8 0 ° F  a n d  u n d e r  
365 l b s .  t h r u s t  l o a d  (AFBMA c o m p u t e d  L 1 o  l i f e  = 4 8 0  x 106 r e v s . ) .  
T h e  i n n e r  r a c e  g r o o v e  o f  t h e s e  b e a r i n g s  was s p e c i a l l y  g r o u n d  a n d  
h o n e d  t o  i m p r o v e  t h e i r  s u r f a c e  f i n i s h .  T h e  r e s u l t i n g  r o u g h n e s s  
m e a s u r e d  a c r o s s  t h e  g r o o v e  i s  o f  t h e  o r d e r  3-5 m i c r o i n c h e s ,  rms. 
A l l  b e a r i n g s  t e s t e d  h a d  a n  a v e r a g e  r a d i a l  c a g e  p l a y  b e t w e e n  .003" 
t o  .008" a n d  a n  u n m o u n t e d  r a d i a l  l o o s e n e s s  o f  4 0 - 5 2  m i c r o n s .  T h e  
t h r e e  o i l s  u s e d  t o  l u b r i c a t e  t h e  t e s t  b e a r i n g s  were: S i n c l a i r  
T u r b o  S ( t y p e  1 0 4 8  i m p r o v e d ) ,  a h i g h  v i s c o s i t y  e s t e r  b a s e  o i l ,  
M o n s a n t o  OS-138 (MLO 60-2311, a s i x - r i n g  p o l y p h e n y l  e t h e r ,  a n d  
K e n d e x  B r i g h t  S t o c k  0 8 4 6 ,  a h y d r o c a r b o n .  T h e  t e m p e r a t u r e - v i s c o s i t y  
c h a r a c t e r i s t i c s  o f  t h e s e  l u b r i c a n t s  a r e  shown i n  E n c l o s u r e  5 .  A 
s u m m a r y  o f  t h e  t e s t  r e s u l t s  a p p e a r s  i n  E n c l o s u r e  6 a n d  t h e  b e a r i n g  
d i m e n s i o n s  b e f o r e  t e s t  a r e  g i v e n  i n  E n c l o s u r e  7 .  

T e s t  R e s u l t s  

S i n c l a i r  T u r b o  S ( t y p e  1 0 4 8  i m p r o v e d ) ,  a h i g h l y  v i s c o u s  
e s t e r  b a s e  o i l ,  w a s  u s e d  t o  l u b r i c a t e  t h e  b e a r i n g s  i n  t e s t  r u n  g52 
w h i c h  w a s  c o n d u c t e d  a t  42 ,800  r p m  a n d  u n d e r  365 l b s .  t h r u s t  l o a d .  
T h e  b e a r i n g s  were a s s e m b l e d  w i t h  b o r e  r eces sed  h a r d e n e d  (Rc 55) 
M - 1  s t e e l  c a g e s  ( E n c l o s u r e  1 ) .  B e a r i n g s  n u m b e r e d  161 a n d  163 were 
r u n  f o r  t h e  i n i t i a l  0 .7  h o u r s  (1 .8  x 106 r e v s . )  o f  t h e  t e s t  d u r i n g  
w h i c h  i t  w a s  o b s e r v e d  t h a t  t h e  t e m p e r a t u r e  o f  t h e  l o a d  e n d  b e a r i n g  
h a d  r i s e n  w e l l  a b o v e  t h e  c o n t r o l  t e m p e r a t u r e  o f  550°F, t o  618OF 
( o i l  v i s c o s i t y  = 1 . 0 4  c s ) .  E x c e s s i v e  o i l  l o s s  w a s  a l s o  t a k i n g  
p l a c e  t h r o u g h  t h e  l o a d  p l u g  c l e a r a n c e  b o r e .  A t t e m p t s  t o  r e t a r d  t h e  
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o i l  l o s s  b y  i n c r e a s i n g  t h e  N 2  f l o w  w h i c h  s e a l s  t h e  c l e a r a n c e  
a r o u n d  t h e  l o a d  p l u g  a n d / o r  o p e n i n g  t h e  b y - p a s s  v a l v e  were u n -  
s u c c e s s f u l .  S h o r t l y  t h e ? e a f t e r ,  t h e  t e s t  w a s  a b r u p t l y  t e r m i n a t e d  
b y  t h e  v i b r a t i o n  s e n s i t i v e  s w i t c h .  E x a m i n a t i o n  o f  t h e  b e a r i n g s  
i n d i c a t e d  t h a t  t h e  l o a d  e n d  b e a r i n g  h a d  s m e a r e d  r a c e s  a n d  b a l l s  
b u t  t h e  d r i v e  e n d  b e a r i n g  w h o s e  t e m p e r a t u r e  h a d  i n c r e a s e d  t o  
5 8 0 ° F  ( o i l  v i s c o s i t y  = 1.15 c s )  w a s  i n  g o o d  c o n d i t i o n .  

T h e  t e s t  w a s  r e s u m e d  f o r  a n  a d d i t i o n a l  1 . 2  h o u r s  (3 .1  x 
106 r e v s . )  o p e r a t i o n  w i t h  a n e w  b e a r i n g ,  a 1 6 4 ,  on t h e  l o a d  e n d .  
O i l  c o n t i n u e d  t o  l e a k  e x c e s s i v e l y  f r o m  t h e  l o a d  p l u g  c l e a r a n c e  
b o r e  a n d  t h e  b e a r i n g  t e m p e r a t u r e  r o s e  a b o v e  t h e  c o n t r o l  l e v e l .  
Make-up o i l  w a s  i n  t h e  p r o c e s s  o f  b e i n g  a d d e d  t o  t h e  s y s t e m  when 
t h e  p r e s s u r e  d r o p p e d  a n d  a u t o m a t i c a l l y  s h u t  t h e  t e s t e r  down.  T h e  
t e s t e r  w a s  d i s a s s e m b l e d .  T h e  d r i v e  e n d  b e a r i n g  h a d  g l a z e d  a n d  
f l a k e d  w i t h  e x c e s s i v e  w e a r  t a k i n g  p l a c e  on  t h e  i n n e r  r a c e  l a n d s .  
T h e  c a g e  b o r e  w e a r  w a s  1 . 6  mils a n d  w a s  c o n s i d e r e d  s l i g h t  
( E n c l o s u r e  8 ) .  T h e  l o a d  e n d  b e a r i n g  h a d  s m e a r e d  r a c e s  a n d  b a l l s  
a n d  i t s  c a g e  h a d  w o r n  e x c e s s i v e l y  ( 2 4 . 2  mi l s )  i n  t h e  b o r e  
( E n c l o s u r e  9 ) .  An a n a l y s i s  o f  t h i s  r u n  s h o w e d  l a t e r  t h a t  t h e  
t e m p e r a t u r e  i n s t a b i l i t y  w a s  a c o n t i n u i n g  r i s k  i n  o p e r a t i o n  a b o v e  
40,000 r p m ,  w h i c h  c o u l d  b e  a v o i d e d  b y  f a n  c o o l i n g  o f  t h e  h o u s i n g .  
T h i s  m e t h o d  w i l l  b e  d i s c u s s e d  b e l o w .  O i l  l e a k a g e  w a s  d u e  t o  
e x c e s s i v e  c l e a r a n c e  o n  t h e  p a r t i c u l a r  l o a d  p l u g  u s e d  a n d  w a s  
o v e r c o m e  b y  r e p l a c i n g  i t .  

I t  w a s  n o t e d  i n  t h e  P h a s e  I t e s t s  r e p o r t e d  h e r e i n  a n d  t h o s e  
r e p o r t e d  e a r l i e r  (1) t h a t  o n l y  a s m a l l  p o r t i o n  o f  t h e  h e a t e r  
c a p a c i t y  w a s  r e q u i r e d  t o  m a i n t a i n  t h e  b e a r i n g s  a t  6 0 0 ° F  when 
o p e r a t i n g  a t  s p e e d s  b e t w e e n  40,000 t o  4 5 , 0 0 0  rpm a n d  t h a t  t h i s  
r e n d e r e d  c o n t r o l  o f  t h e  t e m p e r a t u r e  c r i t i c a l .  U n d e r  t h e  t e s t  l o a d  
a n d  s p e e d  c o n d i t i o n s  o f  365 l b s .  t h r u s t  a n d  a p p r o x i m a t e l y  4 5 , 0 0 0  r p m ,  
b e a r i n g s  l u b r i c a t e d  w i t h  K e n d e x  B r i g h t  S t o c k  0 8 4 6  h a v e  i n  t h e  
p a s t  o p e r a t e d  a t  5 4 0 ° F  w i t h o u t  a n y  e x t e r n a l  m e a n s  o f  h e a t i n g  a n d  
e m p l o y i n g  o n l y  n a t u r a l  a i r  c o o l i n g ;  w h e r e a s ,  b e a r i n g s  r u n  w i t h  
E s s o  T u r b o  O i l  35,  w h i c h  i s  l e s s  v i s c o u s  t h a n  t h e  B r i g h t  S t o c k ,  
h a v e  b e e n  c o n t r o l l e d  t o  a p p r o x i m a t e l y  5 0 0 ° F  u t i l i z i n g  a 2 0 %  h e a t e r  
o u t p u t  t o  t h e  h o u s i n g  b l o c k  and  n a t u r a l  a i r  c o o l i n g .  S e v e r a l  
a d d i t i o n a l  c h e c k o u t  t e s t s  were c o n d u c t e d  i n  t h i s  r e p o r t  p e r i o d  i n  
w h i c h  v a r i o u s  m e a n s  o f  c o o l i n g  were e m p l o y e d .  T h e y  c o n s i s t e d  o f  
p a r t i a l l y  o r  f u l l y  c l o s i n g  the b y - p a s s  a n d / o r  t h e  i n l e t  r e t u r n  
v a l v e s  w h i c h  c o n t r o l  t h e  amount  o f  o i l  r e c i r c u l a t i n g  t o  t h e  b e a r i n g s ,  
n o t  h e a t i n g  t h e  o i l  s u p p l y  i n  t h e  r e s e r v o i r s  p r i o r  t o  r e c i r c u l a t i o n  
t o  t h e  b e a r i n g s ,  a n d  i n c r e a s i n g  t h e  b e a r i n g ' s  r a d i a l  c a g e  c l e a r a n c e  
a n d  t h e  i n t e r n a l  c l e a r a n c e  b e t w e e n  t h e  screw pumps  o n  t h e  t e s t  s h a f t  
a n d  t h e  s h a f t  l i n e r .  None of  t h e s e  m e t h o d s  were s u c c e s s f u l .  
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H o w e v e r ,  i t  w a s  o b s e r v e d  t h a t  b e a r i n g  t e m p e r a t u r e s  c o u l d  b e  m a i n t a i n e d  
a t  a p p r o x i m a t e l y  5 0 0 - 5 5 0 ° F  ( d e p e n d i n g  u p o n  t h e  v i s c o s i t y  o f  t h e  
l u b r i c a n t )  b y  e x t e r n a l l y  a i r  c o o l i n g  t h e  h o u s i n g  b l o c k  w i t h  o n e  
f a n  l o c a t e d  on  e a c h  s i d e  o f  t h e  t e s t  m a c h i n e  w h i l e  p r o v i d i n g  a n  
a d e q u a t e  h e a t  i n p u t  t o  t h e  h o u s i n g  b l o c k  f o r  c o n t r o l  ( a b o u t  20% 
h e a t e r  c a p a c i t y ) .  

I n  t e s t  r u n  a53, t h e  b e a r i n g s  were l u b r i c a t e d  w i t h  M o n s a n t o  
OS-138 (MLO-60-231).  a s i x - r i n g  p o l y p h e n y l  e t h e r ,  a n d  r u n  a t  
s p e e d s  u p  t o  4 5 , 0 0 0  r p m .  B o r e  r e c e s s e d  h a r d e n e d  M - 1  (Rc 5 5 )  c a g e s  
a s  shown i n  E n c l o s u r e  2 w e r e  a s s e m b l e d  w i t h  t h e  b e a r i n g s .  I n  o r d e r  
t o  p r e v e n t  t h e  b e a r i n g  t e m p e r a t u r e s  f r o m  r i s i n g  a b o v e  t h e  c o n t r o l  
t e m p e r a t u r e  o f  6 0 0 ° F ,  o n e  f a n  w a s  e m p l o y e d  t o  i n c r e a s e  d i s s i p a t i o n  
o f  t h e  h e a t  g e n e r a t e d  i n  t h e  h o u s i n g  b l o c k .  ( I t  w a s  f o u n d  i n  t h e  
s u b s e q u e n t  t e s t i n g  d e s c r i b e d  a b o v e  t h a t  t w o  f a n s ,  o n e  on  e a c h  s i d e  
o f  t h e  t e s t e r ,  a r e  r e q u i r e d  t o  o b t a i n  s a t i s f a c t o r y  h e a t  r e m o v a l . )  
C o p p e r  i n h i b i t o r s  i n  t h e  f o r m  o f  s h e e t s  a n d  s c r e e n i n g  were p l a c e d  i n  
e a c h  o i l  sump a n d  a l l  t h e  g a s k e t i n g  u s e d  f o r  t h i s  t e s t  w a s  m a d e  f r o m  
Du P o n t  p o l y i m i d e ,  t y p e  SP-1 p l a s t i c ,  i n  o r d e r  t o  p r e v e n t  d e c o m p o s i t i o n  
o f  t h e  o i l .  S p e c i a l  c a r e  w a s  a l s o  t a k e n  t o  s ee  t h a t  t h e  t e s t  
m a c h i n e  w a s  s c r u p u l o u s l y  c l e a n  p r i o r  t o  s t a r t u p .  T h e  t e s t  r a n  f o r  
1 .3  h o u r s  (2 .2  x 106 r e v s . )  d u r i n g  w h i c h  t h e  l o a d  e n d  b e a r i n g  
t e m p e r a t u r e  r o s e  t o  695OF ( o i l  v i s c o s i t y  = 1.15 c s ) .  A t  t h a t  t i m e ,  
t h e  v i b r a t i o n  s e n s i t i v e  s w i t c h  s h u t  t h e  m a c h i n e  down.  E x a m i n a t i o n  
o f  t h e  b e a r i n g s  r e v e a l e d  t h a t  t h e  l o a d  e n d  b e a r i n g  h a d  g l a z e d  
a n d  f l a k e d  ( E n c l o s u r e  1 0 ) .  I t s  c a g e  b o r e  w e a r  w a s  2 . 5  m i l s  a n d  
w a s  c o n s i d e r e d  s l i g h t .  T h e  d r i v e  e n d  b e a r i n g  a s  s h o w n  i n  
E n c l o s u r e  11 w a s  i n  g o o d  c o n d i t i o n  a n d  i t s  c a g e  b o r e  w e a r  w a s  n o t  
a p p r e c i a b l e  ( 0 . 1  m i l s ) .  

T e s t  r u n  8 5 4  w a s  c o n d u c t e d  w i t h  two f a n s  d i s s i p a t i n g  t h e  
h e a t  g e n e r a t e d  i n  t h e  h o u s i n g  b l o c k  a n d  w i t h  K e n d e x  B r i g h t  S t o c k  
0 8 4 6 ,  a n  o i l  w h i c h  w i l l  l u b r i c a t e  a d e q u a t e l y  a t  a p p r o x i m a t e l y  580OF.  
S t r a i g h t  b o r e ,  a g e - h a r d e n e d  (Rc 33) S-Monel  c a g e s  shown i n  
E n c l o s u r e  3 were a s s e m b l e d  w i t h  t h e  b e a r i n g s .  T h e  t e s t  w a s  c o n -  
d u c t e d  a t  45,000 r p m ,  mean t e m p e r a t u r e  u p  t o  5 5 0 ° F  ( o i l  v i s c o s i t y  = 
1.70 c s )  a n d  u n d e r  365 l b s .  t h r u s t  l o a d .  After  33.0 h o u r s  
(89.1 x 106 r e v s . )  o p e r a t i o n ,  t h e  t e s t e r  w a s  s h u t  down b e c a u s e  o f  
e x c e s s i v e  v i b r a t i o n .  E x a m i n a t i o n  o f  t h e  b e a r i n g s  a t  t h i s  t i m e  
i n d i c a t e d  t h a t  b o t h  b e a r i n g s  were i n  g o o d  c o n d i t i o n  a n d  v e r y  s l i g h t  
c a g e  b o r e  w e a r  h a d  t a k e n  p l a c e  b u t  t w o  o f  t h e  c a g e  p o c k e t s  i n  t h e  
l o a d  e n d  b e a r i n g  h a d  c r a c k e d .  T h i s  c a g e  w a s  r e p l a c e d  w i t h  a b o r e  
r e c e s s e d  h a r d e f l e d  (Rc 5 5 )  M - 1  s t e e l  c a g e  ( E n c l o s u r e  1) a n d  t h e  t e s t  
c o n t i n u e d .  A f t e r  a n  a d d i t i o n a l  2 . 2  h o u r s  o p e r a t i o n  o r  a t o t a l  
a c c u m u l a t i v e  r u n n i n g  t ime o f  3 5 . 2  h o u r s  (95.0 x 106 r e v s . )  o n  t h e  
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t e s t  b e a r i n g s ,  t h e  l o a d  e n d  b e a r i n g  t e m p e r a t u r e  i n c r e a s e d  r a p i d l y  
t o  6 5 5 0 F  ( o i l  v i s c o s i t y  = 1.17 c s ) .  T h e  t e s t  w a s  t h e n  d i s c o n t i n u e d  
a n d  u p o n  d i s a s s e m b l y  o f  t h e  t e s t e r ,  i t  was  o b s e r v e d  t h a t  t h e  l o a d  
e n d  b e a r i n g  h a d  g l a z e d  a n d  f l a k e d  w i t h  s e v e r e  l a n d  w e a r  t a k i n g  p l a c e  
on  i t s  i n n e r  r a c e  ( E n c l o s u r e  1 2 ) .  T h e  b o r e  o f  i t s  c a g e  h a d  w o r n  
3.0 m i l s .  T h e  d r i v e  e n d  b e a r i n g  was  i n  g o o d  c o n d i t i o n  a n d  i t s  
c a g e  b o r e  w e a r  w a s  v e r y  s l i g h t  ( E n c l o s u r e  13) .  Up u n t i l  t h e  p o i n t  
o f  f a i l u r e ,  b o t h  b e a r i n g  t e m p e r a t u r e s  c o u l d  b e  w e l l  c o n t r o l l e d  a t  
550°F a n d  4 5 , 0 0 0  r p m ,  u s i n g  t h i s  l u b r i c a n t  a n d  t w o  f a n s  t o  c o o l  t h e  
h o u s i n g  b l o c k .  

S i n c e  t h e  h a r d e n e d  (Rc  5 5 )  b o r e  r e c e s s e d  M - 1  s t e e l  c a g e s  I 

r e p o r t e d  i n  (1) s e e m e d  i n f e r i o r  f o r  w e a r  p e r f o r m a n c e  t o  t h o s e  manu- 
f a c t u r e d  f r o m  a g e - h a r d e n e d  (Rc 33) S - M o n e l ,  s e v e r a l  c h e c k - o u t  t e s t s  
were c o n d u c t e d  u s i n g  C V M  M - 1  s t e e l  b e a r i n g s  c o n s t r u c t e d  w i t h  h a r d e n e d  
(Rc  55)  M - 1  s t e e l  b o r e  r e c e s s e d  c a g e s  ( E n c l o s u r e s  1 a n d  2 )  a n d  
K e n d e x  B r i g h t  S t o c k  0 8 4 6  o i l .  The  b e a r i n g s  were r u n  i n  b o t h  t h e  
v a r i a b l e  a n d  t h e  c o n s t a n t  s p e e d  t e s t  m a c h i n e s  a t  4 2 , 8 0 0  r p m ,  mean 
t e m p e r a t u r e s  up  t o  550°F a n d  u n d e r  3 6 5  l b s .  t h r u s t  l o a d .  R e s u l t s  
o f  t h e s e  t e s t s  i n d i c a t e  t h a t  s e v e r e  i n n e r  r a c e  l a n d  w e a r  t a k e s  p l a c e  
w i t h  t h e s e  c a g e s  no m a t t e r  w h i c h  t e s t  m a c h i n e  i s  u s e d  o r  i f  t h e  c a g e  
r a d i a l  c l e a r a n c e  i s  i n c r e a s e d  f r o m  . 0 0 2 " / . 0 0 3 "  ( E n c l o s u r e  2 )  t o  
.006"/.008" ( E n c l o s u r e  1 ) .  As f u r t h e r  e v i d e n c e d  by  t h e  P h a s e  I 
t e s t s  r e p o r t e d  h e r e i n ,  c a g e s  m a n u f a c t u r e d  f r o m  h a r d e n e d  (Rc  55) 
M - 1  s t e e l  e x p e r i e n c e d  c o n s i d e r a b l y  m o r e  b o r e  a n d  i n n e r  r a c e  l a n d  
w e a r  t h a n  t h o s e  m a n u f a c t u r e d  f r o m  a g e - h a r d e n e d  (Rc 33) S - M o n e l .  
I n  f a c t ,  i n  t e s t  r u n  $ 5 4 ,  w h i c h  was  c o n d u c t e d  w i t h  K e n d e x  B r i g h t  
S t o c k  0 8 4 6  o i l  a t  4 5 , 0 0 0  r p m ,  mean t e m p e r a t u r e s  u p  t o  550°F a n d  
u n d e r  365 l b s .  t h r u s t  l o a d ,  t h e  CVM M - 1  s t e e l  b e a r i n g s  r a n  w i t h o u t  
s u r f a c e  d i s t r e s s  f o r  33.0 h o u r s  (89.1 x 106 r e v s . )  when a s s e m b l e d  
w i t h  t h e  s t r a i g h t  b o r e  h a r d e n e d  (Rc 33) S-Mone l  c a g e s  shown i n  
E n c l o s u r e  3. A f t e r  r e p l a c i n g  o n e  o f  t h e s e  c a g e s  ( b e c a u s e  i t  h a d  
c r a c k e d  p o c k e t s )  w i t h  a b o r e  r e c e s s e d  h a r d e n e d  (Rc  5 5 )  M - 1  s t e e l  
c a g e  ( E n c l o s u r e  1 1 ,  t h e  b e a r i n g  i n  w h i c h  i t  w a s  a s s e m b l e d  l a s t e d  
o n l y  a n  a d d i t i o n a l  2 . 2  h o u r s  (5 .9  x 106 r e v s . )  b e f o r e  i t  g l a z e d  
a n d  f l a k e d .  I n  a d d i t i o n ,  t h e  i n n e r  r a c e  l a n d s  were g r o o v e d  a n d  t h e  
c a g e  b o r e  h a d  worn  3.0 mils.  

I 

i 
I 

I n  o r d e r  t o  p r e c l u d e  t h a t  a d i f f e r e n c e  i n  d e s i g n  may 
a c c o u n t  f o r  t h e  b e t t e r  p e r f o r m a n c e  o f  t h e  S - M o n e l  c a g e s ,  t e s t  r u n  
$55 w a s  c o n d u c t e d  u n d e r  i d e n t i c a l  t e s t  c o n d i t i o n s  a s  r u n  #54 b u t  
w i t h  t h e  b e a r i n g s  a s s e m b l e d  w i t h  b o r e  r e c e s s e d  a g e  h a r d e n e d  (Rc  3 3 )  
S-Mone l  c a g e s  a s  shown i n  E n c l o s u r e  4; Except  f o r  t h e  m a t e r i a l  a n d  
h e a t  t r e a t m e n t , t h e s e  c a g e s  were i d e n t i c a l  i n  d e s i g n  a n d  m a n u f a c t u r e  
t o  t h e  b o r e  r e c e s s e d  h a r d e n e d  (Rc 5 5 )  M - 1  s t e e l  c a g e  u s e d  i n  t h e  
p r e v i o u s  t e s t .  A f t e r  90 h o u r s  ( 2 4 3 . 0  x 106 r e v s . )  t h e  b e a r i n g s  
were i n  g o o d  c o n d i t i o n  a n d  o n l y  a maximum o f  1 .0  m i l s  b o r e  w e a r  
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had taken place in the cages (Enclosures 14 and 15). 

8 

Discussion of Phase I Test Results 

Operation of the test machines a t  speeds between 40,000 
to 45,000 rpm has indicated that enough heat is generated by the 
test bearings themselves to maintain their temperature in the vicinity 
of 54O0F. The stabilized temperature depends primarily upon the 
speed of operation and the viscosity o f  the test lubricant, inasmuch 
as the heat generation in the assembly decreases if lower viscosity 
lubricants are used. This effect is attributed to the reduced 
viscous loss with lower-viscosity oils in the screw pump and other 
sliding combinations. 

Increasing the clearances between the rotating and 
stationary components of the bearings and the test machine and/or 
reducing the oil temperature in the reservoirs and the amount of 
oil recirculating to the bearings did not significantly affect the 
stabilized operating temperature of the bearings at speeds between 
40,000 to 45,000 rpm. Adequate control of the bearing operating 
temperatures using 15-20% of  the heater capacity has been obtained 
at temperatures down to 500°F by externally air cooling the test 
machines using fans. 

Test run $52 is not considered a true indication of the 
performance of Sinclair Turbo S (type 1048 improved) oil since 
efforts to reduce the amount of oil loss by controlling the N2 
flow to the load plug and the flow of oil recirculating to the 
bearings were being made during the test. A retest of this lubricant 
at mean temperatures up to 600OF and under controlled test conditions 
is planned during the next period. 

The six-ring polyphenyl ether, Monsanto OS-138, which 
was used to lubricate the bearings in test run $53 does permit 
glazing-free operation at mean temperature up t o  560°F for 1.3 hours 
(2.8 x 106 revs.). Perhaps a more extended life would have been 
realized if a cage of better wear performance would have been used, 
thereby preventing debris formation and some of the heat development 
in the bearing. The coking tendencies of this oil seemed t o  be 
similar to those of the Monsanto OS-124 five-ring polyphenyl ethers 
or a proprietary blend (PWA 5241, tested previously (1,2). The oil 
was black after the test, and there was only a small amount o f  black 
carbon deposit on the oil filter screens (a much heavier deposit 
was experienced in earlier tests with the five-ring polyphenyl ethers) 
A retest of the 6-ring polyphenyl ether at mean temperatures up to 
600°F will be conducted, using S-Monel or silver-plated cages, within 
the following report period. 
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T e s t  r u n s  a 5 3  a n d  $ 5 4 ,  w h i c h  were c o n d u c t e d  t o  i m p r o v e  
c o n t r o l  o f  t h e  t e m p e r a t u r e  o f  t h e  t e s t  m a c h i n e s  a t  h i g h  s p e e d s ,  
f u r t h e r  s u b s t a n t i a t e  t h a t  Kendex B r i g h t  S t o c k  0 8 4 6  w i l l  p e r m i t  t h e  
b e a r i n g s  t o  o p e r a t e  w i t h o u t  s u r f a c e  d i s t r e s s  a t  mean t e m p e r a t u r e s  
u p  t o  5 5 0 0 F ,  i f  i n n e r  r a c e  l a n d  a n d  c a g e  w e a r  c a n  be c o n t r o l l e d .  

L u b r i c a t i o n  o f  C a q e  B o r e  G u i d e  S u r f a c e s  

R e c e n t  t e s t  r e s u l t s  w i t h  CVM M - 1  b e a r i n g s  a t  40,000 t o  
45,000 rpm o b t a i n e d  w i t h  e i t h e r  a g e - h a r d e n e d  (Rc 3 3 )  S-Monel  o r  
h a r d e n e d  (Rc 5 5 )  M - 1  s t e e l  c a g e s  i n d i c a t e  a p r e f e r e n c e  f o r  t h e  
s o f t e r  S-Monel  m a t e r i a l a a n d  i n c r e a s i n g  t h e  r a d i a l  c l e a r a n c e  o f  t h e  
h a r d e n e d  (Rc 5 5 )  M - 1  s t e e l  c a g e s  f r o m  . 0 0 2 ” / . 0 0 3 “  t o  .006”/.008” 
d o e s  n o t  i m p r o v e  t h e  p e r f o r m a n c e  o f  t h e  M - 1  c a g e s .  ( P r e v i o u s  t e s t  
r e s u l t s  a t  20,000 rpm ( 3 )  showed t h a t  h a r d e n e d  (Rc  6 5 )  M - 1  s t e e l  
c a g e s  a r e  m o r e  w e a r  r e s i s t a n t  t h a n  a n n e a l e d  (Rc 2 4 )  M - 1  c a g e s  o f  
s i m i l a r  d e s i g n . )  

S i n c e  t h e r e  a r e  no m o r e  a g e - h a r d e n e d  (Rc  3 3 )  S-Monel  
c a g e s  c u r r e n t l y  o n  h a n d ,  c o n t i n u e d  P h a s e  I a n d  P h a s e  I1 t e s t i n g  
w i l l  b e  c o n d u c t e d  w i t h  h a r d e n e d  (Rc 5 5 )  b o r e  r e c e s s e d  M - 1  s t e e l  
c a g e s  w h i c h  h a v e  b e e n  s i l v e r  p l a t e d  o r  s p r a y e d  w i t h  a n  S-Monel  
c o a t i n g  i n  t h e i r  b o r e s .  A n e w  s u p p l y  o f  a g e - h a r d e n e d  (Rc 3 3 )  
b o r e  r e c e s s e d  S-Monel  c a g e s  i s  e x p e c t e d  t o  b e  a v a i l a b l e  w i t h i n  
t h e  n e x t  m o n t h .  Some b e a r i n g s  w i t h  s i l v e r - p l a t e d  M - 1  s t e e l  c a g e s  
were r u n  i n  P h a s e  I1 t e s t s  d e s c r i b e d  b e l o w  a n d  h a v e  p e r f o r m e d  w e l l .  
I t  h a s  a l s o  b e e n  3 E F ’ s  f i e l d  e x p e r i e n c e  t h a t  s i l v e r - p l a t e d  c a g e s  
p e r f o r m  w e l l  a t  h i g h  s p e e d  and t e m p e r a t u r e s .  No e x p e r i e n c e  a s  y e t  
h a s  b e e n  g a i n e d  w i t h  S-Monel  c o a t e d  c a g e s  b u t  i t  i s  i n t e n d e d  t o  
u s e  t h e m  i n  a few P h a s e  I t e s t s  t o  d e t e r m i n e  w h e t h e r  t h e y  a r e  
e q u i v a l e n t  t o  s o l i d  S-Monel  c a g e s  f o r  u s e  i n  e n d u r a n c e  t e s t s .  

3 .  Commencement  o f  P h a s e  I1 T e s t i n q  

E n d u r a n c e  t e s t i n g  o f  a g r o u p  o f  3 0  CVM M - 1  s t e e l  
b e a r i n g s  ( t h e  f i r s t  e n d u r a n c e  g r o u p )  h a s  b e g u n  a t  4 2 , 8 0 0  r p m ,  mean 
t e m p e r a t u r e s  o f  5 0 0 ° F  a n d  u n d e r  3 6 5  l b s .  t h r u s t  l o a d  (C/P = 7 .8  
a n d  AFBMA c o m p u t e d  L 1 o  l i f e  = 480 x 106 r e v s . )  w i t h  E s s o  T u r b o  O i l  3 5 ,  
a h i g h l y  v i s c o u s  e s t e r  b a s e  o i l ,  a s  t h e  l u b r i c a n t .  T h e  b o r e  
r e c e s s e d  c a g e s  a s s e m b l e d  w i t h  t h e  b e a r i n g s  were m a n u f a c t u r e d  f r o m  
e i t h e r  a g e  h a r d e n e d  (Rc 3 3 )  S-Monel ( E n c l o s u r e  4 )  o r  s i l v e r - p l a t e d  
h a r d e n e d  (Re 5 5 )  M - 1  s t e e l  ( E n c l o s u r e  1 6 ) .  B o t h  t h e  i n n e r  a n d  o u t e r  
r a c e s  o f  t h e s e  b e a r i n g s  were b l a c k  o x i d e  c o a t e d  f o r  i m p r o v e d  
r e s i s t a n c e  t o  s u r f a c e  d i s t r e s s  a n d  t h e  i n n e r  r a c e  b a l l  g r o o v e s  were 
s p e c i a l l y  g r o u n d  a n d  h o n e d  t o  i m p r o v e  t h e i r  s u r f a c e  f i n i s h  a s  a m e a n s  
o f  r e d u c i n g  l u b r i c a t i o n  d i s t r e s s  i n  t h e  b e a r i n g s .  A t a b l e  o f  t h e  
r e s u l t s  o b t a i n e d  t o  d a t e ,  a r r a n g e d  i n  t h e  o r d e r  o f  i n c r e a s i n g  l i f e ,  
a p p e a r s  i n  E n c l o s u r e  17  a n d  the b e a r i n g  d i m e n s i o n s  b e f o r e  t e s t  a r e  
g i v e n  i n  E n c l o s u r e  7. 
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O n l y  two o f  t h e  s i x  b e a r i n g s  t e s t e d  s o  f a r  i n  t h i s  
g r o u p  w i t h  s i l v e r - p l a t e d  h a r d e n e d  (Rc  5 5 )  M - 1  s t e e l  c a g e s  s h o w e d  
a n y  a p p r e c i a b l e  c a g e  w e a r  (0 .1  a n d  0.5 m i l s  on  t h e  c a g e  g u i d e  b o r e ,  
r e s p e c t i v e l y ) .  S i x  o f  t h e  t e n  a g e d  (Rc 33) S-Monel  c a g e s  t e s t e d  
i n  e n d u r a n c e  b e a r i n g s  were 0.2 mils  o r  g r e a t e r  on t h e  c a g e  b o r e ,  
t w o  o f  t h e s e  i n  e x c e s s  o f  0 .5  mi l s  ( 2 1 . 5  m i l s  on o n e  c a g e ,  No. 2 0 6 ,  
a n d  43.0 mils  o n  t h e  c a g e  i n  No. 208 b e a r i n g  i n  T e s t  E-4, i n  w h i c h  
t h e  o i l  f l o w  w a s  i n t e r r u p t e d  by  a b r o k e n  s i g h t - f l o w  g l a s s ) .  T h e s e  
r e s u l t s  i n d i c a t e  t h e  s u p e r i o r  p e r f o r m a n c e  o f  t h e  s i l v e r - p l a t e d  s t e e l  
c a g e s  o v e r  t h e  S -Mone l  c a g e s ,  w h i c h  h a v e  b e e n  f o u n d  i n  r e c e n t  
P h a s e  I t e s t s  t o  w e a r  l e s s  t h a n  u n p l a t e d  h a r d e n e d  M - 1  c a g e s ,  a s  
d i s c u s s e d  a b o v e .  

F o r  t h e  p u r p o s e  o f  p r e p a r i n g  t h e  maximum l i k e l i h o o d  
l i f e  a n a l y s e s  o f  t h e  b e a r i n g s ,  a s  d e s c r i b e d  i n  ( 3 1 ,  t h e  e n d u r a n c e  
r e s u l t s  w i l l  b e  p r o c e s s e d  a c c o r d i n g  t o  t h e  f o l l o w i n g  r u l e s :  

1. A b e a r i n g  w i l l  be  c o n s i d e r e d  f a i l e d  i f  a n y  o f  i t s  e l e m e n t s  
( e x c e p t ,  o f  c o u r s e ,  t h e  c a g e )  s u f f e r  f a t i g u e  f l a k i n g .  

2 .  B o t h  b e a r i n g s  i n  a t e s t  a s s e m b l y  w i l l  b e  s t a r t e d  on  t e s t  
-* now a t  t h e  same t ime.  I n  t h e  e v e n t  b o t h  b e a r i n g s  f a i l ,  o n e  w i l l  
b e  c o n s i d e r e d  a f a i l e d  b e a r i n g  a n d  t h e  o t h e r ,  a n  i n d u c e d  f a i l u r e ,  
a n d  t h u s  w i l l  b e  t r e a t e d  a s  a s u s p e n s i o n .  

3. S h o u l d  o n l y  o n e  o f  two  b e a r i n g s  f a i l  i n  a t e s t ,  t h e  u n -  
f a i l e d  b e a r i n g  w i l l  b e  c o n s i d e r e d  a s u s p e n d e d  t e s t .  I t  w i l l  n o t  
b e  r u n  f u r t h e r .  

4. I f  o n l y  t h e  c a g e  o f  a b e a r i n g  f a i l s  ( e . g .  e x c e s s i v e  b o r e  
w e a r ,  c r a c k e d  c a g e  p o c k e t s ) ,  t h e  c a g e  w i l l  b e  r e p l a c e d  a n d  t h e  t e s t  
c o n t i n u e d .  

5. I f  c a g e  f a i l u r e  a n d  b e a r i n g  f a t i g u e  f a i l u r e  e x i s t  i n  t h e  
s a m e  b e a r i n g  s o  t h a t  i t  c a n  b e  a s s u m e d  t h a t  t h e  c a g e  f a i l u r e  h a s  
c o n t r i b u t e d  t o  t h e  p r e m a t u r e  f a i l u r e  o f  a n o t h e r  e l e m e n t ,  t h e n  t h e  
f a t i g u e  f a i l u r e  w i l l  b e  c o n s i d e r e d  a n  i n d u c e d  f a i l u r e  a n d  t r e a t e d  
a s  a s u s p e n d e d  t e s t .  

6 .  S u r f a c e  d i s t r e s s  w i l l  n o t  be  c o n s i d e r e d  a f a i l u r e  i f  t h e  
b e a r i n g  c a n  be  r u n  f u r t h e r .  I f ,  h o w e v e r ,  s u r f a c e  d a m a g e  i s  s o  
s e v e r e  t h a t  t h e  b e a r i n g  c a n n o t  b e  r u n  f u r t h e r ,  t h i s  mode o f  f a i l u r e  
w i l l  b e  t r e a t e d  t h e  s a m e  a s  a f a t i g u e  f a i l u r e .  1 

1 
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7 .  The existence of surface distress along with a fatigue 
failure in a bearing will be noted but not considered a reason for 
designating the failure-as an induced one. Such failures will be 
considered legitimate in calculating life because surface distress 
is a consequence of the test conditions and may be unavoidable. 

It is recognized that the exclusion rules 2, 4 and 5 tend 
to bias resultant life estimates towards longer life. Still, it 
is felt that these rules must be used in order that operational 
malfunctioning of the test be kept from derating the inherent 
endurance capabilities of the bearing-lubricant combination. 

It i s  planned to run the bearings until failure or their 
time-up life of 90 hours (231.1 x 106 revs.). 

Discussion of Phase I1 Test Results 

A s  shown in Enclosure 17, sixteen bearings (eight 
tests) have run thus far without legitimate fatigue failures. In 
three tests, viz., E-1, E-2 and E - 5 ,  all six bearings reached their 
time-up life of 90 hours (231.1 x 106 revs.) without failure or 
lubrication distress. Two of the remaining five tests, viz., E - 3  
and E-8, were suspended because of excessive cage bore and inner 
race land wear in one of the two companion bearings being tested. 
Two additional tests (E-6, E-7) showed lubrication related surface 
damage and are considered legitimate failures. In each test, one 
of the two bearings was in good condition without surface distress. 
Only one test, E-4, was terminated early (after 3.0 hours ( 7 . 7  x 
106 revs.)) due to excessive oil leakage from the drive end bearing 
sight glass which had cracked and eventually shattered. Examination 
of the bearings at this point indicated that the drive end bearing 
had glazed and worn heavily in its inner race land and in its cage 
bore, whereas the companion bearing was in OK condition. This test 
is considered a suspension. 

Since this last test could not be considered a fair 
indication of the bearings' endurance, a Weibull plot o f  the endurance 
results excluding this test was prepared and is given in Enclosure 18. 
A maximum likelihood estimate o f  the bearing life is not shown on 
this enclosure. Based on the two legitimate failures, such an 
estimate will be given in the next report. From the MTeibull plot 
of the bearings in this group, it already appears that their fatigue 
life is relatively good (no fatigue flaking to at least 1/5 of the 
AFBMA computed L1o life). 
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T h e  o v e r a l l  r e l i a b i l i t y  o f  b e a r i n g s  o p e r a t i n g  u n d e r  
t h e  s e v e r e  t e s t  c o n d i t i o n s  o f  t h i s  p r o g r a m ,  c o n s i d e r i n g  a l l  t y p e s  
o f  b e a r i n g  f a i l u r e s ,  i s  o b t a i n e d  b y  c o n s i d e r i n g  a l l  t e s t  b e a r i n g s  
w h i c h  s u f f e r  f a t i g u e  f l a k i n g ,  l u b r i c a t i o n  d i s t r e s s  o r  c a g e  w e a r  a s  
f a i l u r e s  ( s o m e  o f  t h e s e  f a i l u r e s  a r e  n o r m a l l y  e x c l u d e d  b y  r u l e s  2 ,  
4 o r  5 ) .  A W e i b u l l  p l o t  o f  t h e  t e s t  r e s u l t s  t r e a t e d  i n  t h i s  way 
i s  s h o w n  i n  E n c l o s u r e  19 a n d  a p r e l i m i n a r y  maximum l i k e l i h o o d  
e s t i m a t e  o f  L 1 o  l i f e  b a s e d  on t h e s e  few f a i l u r e s  i s  L 1 0  = 1 2 9 . 7  x 
106 r e v o l u t i o n s .  T h i s  e s t i m a t e d  L 1 o  i s  27% o f  t h e  AFBMA c o m p u t e d  
L 1 o  l i f e ,  w h i c h  c o r r e s p o n d s  t o  a r e d u c t i o n  o f  t h e  b a s i c  d y n a m i c  
c a p a c i t y  t o  65% o f  t h a t  c o m p u t e d  u s i n g  AFBMA f o r m u l a e  a n d  s u g g e s t s  
t h a t  t h e  b e a r i n g s  a r e  d e f i n i t e l y  s e r v i c e a b l e  u n d e r  t h e s e  o p e r a t i n g  
c o n d i t i o n s .  O f  c o u r s e ,  t h e  n u m b e r  o f  f a i l u r e s  t o  d a t e  i s  s o  s m a l l  
t h a t  no  q u a n t i t a t i v e  c o n c l u s i o n  o f  a n y  g e n e r a l i t y  s h o u l d  b e  d r a w n  
r e g a r d i n g  b e a r i n g  e n d u r a n c e .  

S h o u l d  a l l  t h i r t y  b e a r i n g s  i n  t h e  g r o u p  o p e r a t e  w i t h -  
o u t  a t r u e  f a t i g u e  f a i l u r e  o c c u r r i n g ,  t h e n  a n o t h e r  g r o u p  o f  CVM 
M - 1  s t e e l  b e a r i n g s  w i l l  be  t e s t e d  n e x t ,  u n d e r  i d e n t i c a l  c o n d i t i o n s  
e x c e p t  a t  a h i g h e r  t h r u s t  l o a d  i n  o r d e r  t o  o b t a i n  d a t a  o n  t h e  i n -  
h e r e n t  e n d u r a n c e  c a p a b i l i t i e s  o f  t h i s  b e a r i n g - l u b r i c a n t  c o m b i n a t i o n .  

I 

I 

4 .  F l a t  W a s h e r  Cage M a t e r i a l  S c r e e n i n g  T e s t s  I 

I n  o r d e r  t o  d e t e r m i n e  i f  a s u s p e n s i o n  o f  MoS2 i n  a I 
l u b r i c a n t  w o u l d  p e r m i t  i t  t o  l u b r i c a t e  a t  a h i g h e r  t e m p e r a t u r e ,  
t h r e e  t e s t s  were c o n d u c t e d  w i t h  t w o  o f  t h e  b e s t  w e a r  r e s i s t a n t  c a g e  , 
m a t e r i a l s  t o  d a t e ,  M - 1  (Rc 6 0 )  s t e e l  a n d  S -Mone l  (Rc 3 3 1 ,  a t  
1 2 0 0  r p m ,  1000 l b s .  l o a d  a n d  7 0 0 0 F  i n  t h e  m o d i f i e d  f l a t  w a s h e r  
m a c h i n e .  A d e s c r i p t i o n  o f  t he  t e s t  m a c h i n e  a n d  t h e  c a g e  c o n f i g u r a t i o n  

a n d  a d e s c r i p t i o n  o f  i t s  m e a s u r e m e n t  i s  g i v e n  i n  ( 5 ) .  One  p r e v i o u s l y  
t e s t e d  l u b r i c a n t ,  Esso FN-3157,  a n d  a h i g h l y  v i s c o u s  h y d r o c a r b o n ,  I 

K e n d e x  B r i g h t  S t o c k  0846,  were e a c h  u s e d  t o  p r o d u c e  a s u s p e n s i o n  o f  
2% ( b y  w e i g h t )  o f  MoS2 i n  t h e  t e s t  o i l s .  A t h i r d  t e s t  was c o n d u c t e d  
w i t h  K e n d e x  B r i g h t  S t o c k  0846  w i t h o u t  t h e  MoS2 i n  s u s p e n s i o n ,  a s  
a b a s e  l i n e .  T h e  MoS2 u s e d  was M o l y k o t e  2 (MIL-M-7866A1, a s  
m a n u f a c t u r e d  b y  t h e  A l p h a  M o l y k o t e  C o r p o r a t i o n  a n d  i t  h a s  t h e  
f o l l o w i n g  p r o p e r t i e s :  

i s  g i v e n  i n  ( 4 ) .  T h e  m e c h a n i s m  b y  w h i c h  t h e  w e a r  s c a r  i s  p r o d u c e d  I , 

-12-  

RESEARCH LABORATORY 6 K F  I N D U ST R I E S, I N C .  



P a r t i c l e  S i z e  ( M i c r o n s )  

AL65T002 

$ b y  W e i g h t  % b y  No. o f  P a r t i c l e s  

1 0 - 2 0  - . 0 0 2  

5-10 2 0  0 . 1  

2-5 47 3.8 

2 33 96.0 

E v a l u a t i o n  o f  t h e  p e r f o r m a n c e  o f  e a c h  l u b r i c a n t  w a s  b a s e d  on 
m e a s u r e m e n t s  o f  t h e  a v e r a g e  w e a r  s c a r  s i z e  o b t a i n e d  a t  h a l f - h o u r  
i n t e r v a l s  d u r i n g  t h e  t e s t s .  A c o m p a r i s o n  o f  t h e  w e a r  s c a r s  w a s  
made  f o r  t h e  o i l  a s  r e c e i v e d  a n d  a f t e r  a d d i t i o n  o f  t h e  MoS2. 

A summary  o f  t h e  r e s u l t s  o b t a i n e d  i n  t h e  t e s t s  i s  g i v e n  i n  
E n c l o s u r e  2 0 .  C u r v e s  o f  t h e  w e a r  s c a r  a r e a  g r o w t h  d u r i n g  e a c h  
t e s t  a r e  shown i n  E n c l o s u r e s  2 1  and  2 2 .  

D i s c u s s i o n  o f  C a a e  M a t e r i a l  S c r e e n i n q  R e s u l t s  

I t  i s  r e c a l l e d  t h a t  e a r l i e r  t e s t s  h a d  b e e n  r u n  a t  500°F 
a n d  7 0 0 ° F  w i t h  a M - 1  (Rc 60) c a g e  s p e c i m e n  a n d  E s s o  FN-3157 o i l  
w h i c h  d i d  n o t  c o n t a i n  MoS2. The  c u r v e s  o f  w e a r  s c a r  a r e a  g r o w t h  
f o r  t h i s  t e s t  a r e  shown i n  E n c l o s u r e  28 o f  (1) a n d  E n c l o s u r e  39 
o f  ( 2 1 ,  a n d  a r e  r e p e a t e d  i n  E n c l o s u r e  2 1  o f  t h i s  r e p o r t .  B a s e d  
o n  a c o m p a r i s o n  o f  t h e  i n i t i a l  w e a r  s c a r  a r e a s  a n d  o f  t h e i r  s u b -  
s e q u e n t  g r o w t h ,  t h e  a d d i t i o n  o f  t h e  MoS2 t o  t h e  o i l  a p p e a r s  t o  h a v e  
a d e t r i m e n t a l  e f f e c t  on  i t s  p e r f o r m a n c e  w i t h  M - 1  (Rc 60)  c a g e  
m a t e r i a l .  

S i n c e  n o  p r e v i o u s  c a g e  m a t e r i a l  t e s t  h a d  b e e n  c o n d u c t e d  
w i t h  t h e  K e n d e x  B r i g h t  S t o c k  0 8 4 6  o i l ,  a b a s e  l i n e  t e s t  w a s  r u n  
w i t h  a S-Monel  (Rc  33) c a g e  s p e c i m e n  a n d  t h i s  o i l  a t  700OF. A n o t h e r  
t e s t  w a s  c o n d u c t e d  w i t h  t h e  same c a g e  m a t e r i a l  u s i n g  o i l  h a v i n g  
2 %  ( b y  w e i g h t )  MoS2 a d d e d  t o  f o r m  a s u s p e n s i o n .  T h e  w e a r  s c a r  
a r e a  g r o w t h  p r o d u c e d  i n  t h e  two t e s t s  i s  shown i n  E n c l o s u r e  2 2 ,  
w h i c h  i n d i c a t e s  t h a t  no  s i g n i f i c a n t  i m p r o v e m e n t  was o b t a i n e d  b y  
a d d i t i o n  o f  MoS2 t o  t h e  o i l .  

r e v e a l e d  t h a t  a h e a v y  s l u d g e  l i k e  d e p o s i t  h a d  f o r m e d  d u r i n g  t h e  
t e s t " .  I n  v i e w  o f  t h e  l a c k  of i m p r o v e m e n t  i n  t h e  c a g e  m a t e r i a l  

E x a m i n a t i o n  of t h e  o i l  ( w i t h  MoS2 a d d e d )  a f t e r  e a c h  t e s t  

* I t  i s  b e l i e v e d  t h a t  t h i s  d e p o s i t  c o u l d  h a v e  c o n s i s t e d  o f  MoS2 
e n r i c h e d  o i l  ( t h e  MoS2 w a s  m e r e l y  s t i r r e d  i n t o  t h e  o i l  b e f o r e  t h e  
t e s t  b u t  n o t  h o m o g e n i z e d ) .  
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P a r t i c l e  S i z e  ( M i c r o n s )  $ b y  W e i g h t  3 b y  No. o f  P a r t i c l e s  

1 0 - 2 0  - . 0 0 2  

5-10 20 0.1 

2 - 5  4 7  3.8 

2 33 9 6 . 0  

E v a l u a t i o n  o f  t h e  p e r f o r m a n c e  o f  e a c h  l u b r i c a n t  w a s  b a s e d  on  
m e a s u r e m e n t s  o f  t h e  a v e r a g e  w e a r  s c a r  s i z e  o b t a i n e d  a t  h a l f - h o u r  
i n t e r v a l s  d u r i n g  t h e  t e s t s .  A c o m p a r i s o n  o f  t h e  w e a r  s c a r s  w a s  
made  f o r  t h e  o i l  a s  r e c e i v e d  a n d  a f t e r  a d d i t i o n  o f  t h e  MoS2. 

A summary  o f  t h e  r e s u l t s  o b t a i n e d  i n  t h e  t e s t s  i s  g i v e n  i n  
E n c l o s u r e  2 0 .  C u r v e s  o f  t h e  w e a r  s c a r  a r e a  g r o w t h  d u r i n g  e a c h  
t e s t  a r e  s h o w n  i n  E n c l o s u r e s  2 1  a n d  2 2 .  

D i s c u s s i o n  o f  C a Q e  M a t e r i a l  S c r e e n i n g  R e s u l t s  

I t  i s  r e c a l l e d  t h a t  e a r l i e r  t e s t s  h a d  b e e n  r u n  a t  500°F 
a n d  7 0 0 ° F  w i t h  a M - 1  (Rc 6 0 )  c a g e  s p e c i m e n  a n d  Esso FN-3157 o i l  
w h i c h  d i d  n o t  c o n t a i n  MoS2. The  c u r v e s  o f  w e a r  s c a r  a r e a  g r o w t h  
f o r  t h i s  t e s t  a r e  shown i n  E n c l o s u r e  28 o f  (1) a n d  E n c l o s u r e  39 
o f  ( 2 1 ,  a n d  a r e  r e p e a t e d  i n  E n c l o s u r e  2 1  o f  t h i s  r e p o r t .  B a s e d  
o n  a c o m p a r i s o n  o f  t h e  i n i t i a l  w e a r  s c a r  a r e a s  a n d  o f  t h e i r  s u b -  
s e q u e n t  g r o w t h ,  t h e  a d d i t i o n  o f  t h e  MoS2 t o  t h e  o i l  a p p e a r s  t o  h a v e  
a d e t r i m e n t a l  e f f e c t  on  i t s  p e r f o r m a n c e  w i t h  M - 1  (Rc 6 0 )  c a g e  
m a t e r i a l .  

S i n c e  no  p r e v i o u s  c a g e  m a t e r i a l  t e s t  h a d  b e e n  c o n d u c t e d  
w i t h  t h e  K e n d e x  B r i g h t  S t o c k  0846 o i l ,  a b a s e  l i n e  t e s t  w a s  r u n  
w i t h  a S-Monel  (Rc 33) c a g e  s p e c i m e n  a n d  t h i s  o i l  a t  700OF.  A n o t h e r  
t e s t  w a s  c o n d u c t e d  w i t h  t h e  same c a g e  m a t e r i a l  u s i n g  o i l  h a v i n g  
2% ( b y  w e i g h t )  MoS2 a d d e d  t o  f o r m  a s u s p e n s i o n .  T h e  w e a r  s c a r  
a r e a  g r o w t h  p r o d u c e d  i n  t h e  two t e s t s  i s  shown i n  E n c l o s u r e  2 2 ,  
w h i c h  i n d i c a t e s  t h a t  no  s i g n i f i c a n t  i m p r o v e m e n t  was o b t a i n e d  b y  
a d d i t i o n  o f  MoS2 t o  t h e  o i l .  

r e v e a l e d  t h a t  a h e a v y  s l u d g e  l i k e  d e p o s i t  h a d  f o r m e d  d u r i n g  t h e  
t e s t * .  I n  v i e w  o f  t h e  l a c k  of i m p r o v e m e n t  i n  t h e  c a g e  m a t e r i a l  

E x a m i n a t i o n  o f  t h e  o i l  ( w i t h  MoS2 a d d e d )  a f t e r  e a c h  t e s t  

* I t  i s  b e l i e v e d  t h a t  t h i s  d e p o s i t  c o u l d  h a v e  c o n s i s t e d  o f  MoS2 
e n r i c h e d  o i l  ( t h e  MoS2 was m e r e l y  s t i r r e d  i n t o  t h e  o i l  b e f o r e  t h e  
t e s t  b u t  n o t  h o m o g e n i z e d ) .  
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p e r f o r m a n c e  w i t h  t h e  o i l s  c o n t a i n i n g  MoS2 and the s l u d g i n g  o f  t h e s e  
o i l s ,  i t  d o e s  n o t  a p p e a r  t h a t  an i m p r o v e m e n t  i n  t h e  h i g h - t e m p e r a t u r e  
l u b r i c a t i n g  c a p a b i l i t i e s  o f  t h e  c a n d i d a t e  h i g h - t e m p e r a t u r e  l u b r i c a n t s  
w o u l d  b e  r e a l i z e d  by  a d d i t i o n  o f  MoS2. T h e r e f o r e ,  P h a s e  I t y p e  
t e s t s  o n  t h e  7205  s i z e  b e a r i n g  w i t h  o i l  c o n t a i n i n g  MoS2 w i l l  n o t  
b e  r u n .  
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MOTION ENQINEEHING 

SKF INDUSTRIES, INC. ->- 
ENGII\(EERlNG AND RESEARCH CEMER BALL AND ROLLER B E A R ~ N G S  

December 21, 1964 

National Aeronautics and Space Administration 
Lewis Research Center 
21000 Brookpark Road 
Cleveland 35, Ohio 

Attn: Mr. W. J. Anderson 

Re: Redirection of Contract No. NASw-492 "A Basic Study 
of Bearing-Lubricant Endurance Characteristics at 
High Speed and Temperatures" 

Gentlemen: 

Since my letter to you dated September 2 ,  1964, regarding the 
redirection of the above program, and as I have discussed with you 
by telephone, it has recently become necessary to further redirect 
the program in order to complete by September, 1965, the number of 
endurance groups originally planned. As outlined in my earlier 
letter, it was planned to spend the remaining time and funds both 
on continued Phase I screening of candidate lubricants and bearing 
materials utilizing one of the four test machines and on Phase I1 
endurance tests utilizing the remaining three machines. The 
endurance groups planned were as follows: 

a) HIB49 bearings at 600OF with Socony Mobil XRM 109F highly 
refined mineral oil. 

b) WB49 bearings a t  500°F with Esso Turbo 35 ester-base oil. 

c) WB49 bearings a t  6000F with Socony Mobil XRM 109F highly 
refined mineral oil at a higher load than that used in the previous 
groups (C/P = 7 . 8 )  t o  establish the load-life relationship at this 
temperature. 

d) M-1 bearings at 6000F with Socony Mobil XRM 109F highly 
refined mineral oil. 

e) 440C (modified) bearings at 6000F with Socony Mobil XRM 109F 
highly refined mineral oil. 
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f )  I f  a v a i l a b l e  m a c h i n e  time p e r m i t s ,  a g r o u p  o f  WB49 b e a r i n g s  
r u n  a t  6 0 0 0 F  w i t h  a m o d i f i e d  M o n s a n t o  OS-124 p o l y p h e n y l  e t h e r  o i l  
a c c o r d i n g  t o  a u s e r ' s  p r o p r i e t a r y  s p e c i f i c a t i o n  ( S k y l u b e  600) .  

T h e  S o c o n y  M o b i l  O i l  Company h a s  now a d v i s e d  u s  t h a t  t h e i r  X R M  
109F o i l  w i l l  n o t  be  a v a i l a b l e  i n  s u f f i c i e n t  q u a n t i t y  t o  c o n d u c t  
e n d u r a n c e  t e s t s  u n t i l  e a r l y  F e b r u a r y ,  1965. I n  a d d i t i o n ,  we h a v e  
d e c i d e d  t o  p r e s s  t h e  d e v e l o p m e n t  o f  t h e  same t y p e  o f  s u p e r i o r  
g r o o v e  f i n i s h i n g  t e c h n i q u e s  now a v a i l a b l e  f o r  t h e  M - 1  b e a r i n g s  i n  
u s e  o n  t h i s  p r o g r a m  f o r  t h e  WB49 a n d  t h e  440C ( m o d i f i e d )  b e a r i n g s  
m a n u f a c t u r e d  f o r  t h e s e  e n d u r a n c e  t e s t s .  T h i s  d e v e l o p m e n t  h a s  d e l a y e d  
t h e  c o m p l e t i o n  o f  t h e  WB49 and  t h e  4 4 0 C  ( m o d i f i e d )  b e a r i n g s ,  now 
e s t i m a t e d  t o  b e  a v a i l a b l e  b y  t h e  e n d  o f  F e b r u a r y ,  1965. ( M - 1  t e s t  
b e a r i n g s  w i t h  t h e  s u p e r i o r  f i n i s h  a r e  o n  h a n d ) .  We b e l i e v e  t h a t  i t  
i s  d e s i r a b l e  t o  w a i t  f o r  t h e s e  h i g h  s u r f a c e  f i n i s h  t o o l  s t e e l  a n d  
s t a i n l e s s  s t e e l  b e a r i n g s ,  i n  t h e  l i g h t  o f  o u r  e a r l i e r  P h a s e  I r e s u l t s  
t h a t  i n d i c a t e d  a n  i m p o r t a n t  e f f e c t  o f  t h e  f i l m  t h i c k n e s s  t o  s u r f a c e  
r o u g h n e s s  r a t i o  o n  t h e  t e n d e n c y  o f  h i g h - t e m p e r a t u r e  o i l s  t o  p r o d u c e  
s u r f a c e  d i s t r e s s  a n d  r e d u c e d  l i f e  o f  b e a r i n g s .  

I n  o r d e r  t o  o v e r c o m e  t h e s e  d e l a y s  a n d  t o  c o m p l e t e  t h e  n u m b e r  o f  
e n d u r a n c e  g r o u p s  o r i g i n a l l y  p l a n n e d ,  i t  i s  now p r o p o s e d  t h a t  t h e  
r e d i r e c t e d  P h a s e  I1 t e s t s  be c o n d u c t e d  i n  t h e  f o l l o w i n g  o r d e r :  

a )  M - 1  b e a r i n g s  a t  5 0 0 0 F  w i t h  E s s o  T u r b o  35 e s t e r - b a s e  o i l .  
T h i s  g r o u p  h a s  a l r e a d y  b e e n  s t a r t e d  a n d  n o  f a t i g u e  f a i l u r e s  h a v e  
b e e n  e x p e r i e n c e d  i n  s e v e n  t e s t s .  

b) I f  no  f a i l u r e s  a r e  e x p e r i e n c e d  i n  ( a )  t h e n  a r e p e a t  o f  ( a )  
a t  h i g h e r  l o a d s  t o  p r o d u c e  f a t i g u e .  

c )  M - 1  b e a r i n g s  a t  6 0 0 ° F  w i t h  a m o d i f i e d  M o n s a n t o  OS-124 p o l y -  
p h e n y l  e t h e r  o i l  a c c o r d i n g  t o  a u s e r ' s  p r o p r i e t a r y  s p e c i f i c a t i o n .  
( S k y l u b e  600) 

d )  M - 1  b e a r i n g s  a t  6 0 0 0 F  w i t h  S o c o n y  M o b i l  X R M  1 0 9 F  h i g h l y  
r e f i n e d  m i n e r a l  o i l .  ( T h i s  o i l  w i l l  be  a v a i l a b l e  b y  t h e  t ime  we 
a r e  r e a d y  t o  s t a r t  t h i s  g r o u p . )  

e )  tVB49 b e a r i n g s  a t  6 0 0 O F  w i t h  S o c o n y  M o b i l  X R M  1 0 9 F  h i g h l y  
r e f i n e d  m i n e r a l  o i l .  

f )  440C ( m o d i f i e d )  b e a r i n g s  a t  6 0 0 ° F  w i t h  S o c o n y  M o b i l  X R M  
1 0 9 F  h i g h l y  r e f i n e d  m i n e r a l  o i l ,  i f  a v a i l a b l e  m a c h i n e  t ime  p e r m i t s .  
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g )  I f  t ime p e r m i t s  a n d  i f  e n o u g h  f a i l u r e s  a r e  o b t a i n e d  i n  g r o u p  
( a ) ,  t h e n  e i t h e r  M - 1  o r  WB49 b e a r i n g s  ( w h i c h e v e r  g i v e s  l o n g e r  l i f e  
i n  g r o u p s  ( d )  a n d  ( e )  w i t h  S o c o n y  M o b i l  X R M  1 0 9 F  h i g h l y  r e f i n e d  
m i n e r a l  o i l  a t  a l o w e r  l o a d  i n  o r d e r  t o  o b t a i n  a l o a d - l i f e  r e l a t i o n -  
s h i p .  

We h a v e  f o u n d  i n  o u r  c u r r e n t  P h a s e  I1 t e s t i n g  a t  4 2 , 8 0 0  rpm 
( t h e  m o s t  s a t i s f a c t o r y  s p e e d  e v o l v e d  f o r  t h e  t h r e e  c o n s t a n t - s p e e d  
m a c h i n e s )  t h a t  c a g e  w e a r  a n d  f a i l u r e  i s  m o r e  p r o n o u n c e d  u n d e r  t h e s e  
s e v e r e  c o n d i t i o n s  t h a n  p r e v i o u s l y  e x p e r i e n c e d  i n  t h e  P h a s e  I t e s t i n g  
a t  2 0 , 0 0 0  rpm.  T h e r e f o r e ,  we h a v e  a d d e d  t o  o u r  c o n t i n u e d  P h a s e  I 
t e s t i n g  ( o u t l i n e d  i n  my l e t t e r  o f  S e p t e m b e r  2 ,  1 9 6 4 )  a few c o m p a r a t i v e  
t e s t s  o f  new c a n d i d a t e  c a g e  m a t e r i a l s  i n  t h e s e  7 2 0 5  b e a r i n g s  a t  
h i g h - s p e e d ,  s u c h  a s ,  s i l v e r - p l a t e d  M - 1  s t e e l  a n d  a n  S-Monel  s p r a y e d  
c o a t i n g  on  M - 1  s t e e l .  I f  a n y  o f  t h e s e  new c a g e  m a t e r i a l s  h a v e  
s u p e r i o r  p e r f o r m a n c e  t o  t h o s e  now b e i n g  u s e d  i n  P h a s e  I1 e n d u r a n c e  
b e a r i n g s ,  t h e  i m p r o v e d  m a t e r i a l  w i l l  b e  s u b s t i t u t e d  f o r  t h e  r e m a i n d e r  
o f  t h e  P h a s e  I1 t e s t i n g .  

Ne w o u l d  a p p r e c i a t e  h a v i n g  y o u r  a p p r o v a l  o f  t h e s e  p r o p o s e d  
m o d i f i c a t i o n s  o f  o u r  r e d i r e c t e d  p r o g r a m .  S h o u l d  y o u  h a v e  a n y  q u e s t i o n s  
c o n c e r n i n g  t h i s  r e d i r e c t i o n ,  p l e a s e  c o n t a c t  me. 

V e r y  t r u l y  y o u r s ,  

B E F  I n d u s t r i e s ,  I n c .  
E n g i . e e l ; i  g a n d  R e s e a r c h  C e n t e r  ? : p  

L B S / r z  

c c :  Mr. M. C o m b e r i a t e  

M e c h a n i c a l  T e s t  S e c t i o n  
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i % K F  7205 ANGULAR CONTACT T E S T  BEARING D I M E N S I O N S  BEFORE T E S T  

AVERAGE 
OUTS ID€ I AnETER - --I-- 
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111 

8 

E 
8 
1 

F A I L E D  M - 1  TOOL S T E E L  BEARING AFTER R U N N I N G  , .9 x 106 REVOLUTIONS AT 
42 ,800  RPM, A MEAN TEMPERATURE OF 540°F A N D  UNDER 365 L B S .  THRUST 
LOAD WITH CIRCULATING S I N C L A I R  TURBO S ( T Y P E  1 0 4 8  IMPROVED) O I L  I N  A 

N2 BLANKET 

(Bearing No. 163  on D r i v e  E n d  from R u n  No. 5 2 )  

T 2 8 9 4 0 9  INNER RACEWAY 

T 2 8 9 4 2 0  
CAGE 

.- 

I-" 6 

OUTER RACEWAY T 2 8 9 4 0 1  

R E S E A R C H  LABORATORY SKP I N D U S T R I E S ,  INC.  



8 
m 
Y 
I 

8 
8 

8 

8 

I 
I 
f 

A L 6 5 T 0 0  2 

ENCLOSURE 9 

F A I L E D  M - 1  TOOL S T E E L  BEARING AFTER R U N N I N G  3 .1  x l o 6  REVOLUTIONS 
AT 4 2 , 8 0 0  RPM, A MEAN TEMPERATURE OF 5 4 0 ° F  A N D  UNDER 365 L B S .  THRUST 
LOAD WITH CIRCULATING S I N C L A I R  TURBO S ( T Y P E  1048 IMPROVED) O I L  I N  A 

N2 BLANKET 

( B e a r i n g  N o .  164 o n  L o a d  E n d  F r o m  R u n  N o .  5 2 )  

T 2 8 9 4 2 4  
CAGE 

T 2 8 9 4 3 2  
BALL 

T 2 89  4 0 4 INNER RACEWAY T 2 8 9 4 1 5  OUTER RACEWAY 
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ENCLOSURE 10 

F A I L E D  M-1 TOOL S T E E L  BEARING AFTER R U N N I N G  2 . 2  x 106 REVOLUTIOUS 
AT 45 ,000  RPM, A MEAN TEMPERATURE OF 6 8 0 0 F  A N D  UNDER 365 L B S .  THRUST 
LOAD WITH CIRCULATING hlONSANT0 OS-138 O I L  I S  A N2 BLANKET 

(Bearing N o .  1 7 4  o n  L o a d  E n d  F r o m  R u n  N o .  53)  

T 2 8 9 4 2 6  
CAGE 

T 2 0 9 4 1 6 INNER RACEWAY 
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ENCLOSURE 11 

ENFAILED M - 1  TOOL S T E E L  BEARING AFTER R U N N I N G  2 . 2  x 106 REVOLUTIONS 
AT 45 ,000  RPM, A MEAN TEMPERATURE OF 5 6 0 O F  A N D  UNDER 365 L B S .  THRUST 
LOAD WITH CIRCULATING MONSANTO OS-138 O I L  I N  A N2 BLANKET. 

( B e a r i n g  No. 175 on D r i v e  E n d  F r o m  R u n  N o .  53)  

T 2 8 9 4 2 3  
CAGE 

T 2 8 Q . 1 1 4  INNER R A C E W A Y  
T 2 8 9 4 0 3  

OUTER RACEWAY 
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ENCLOSURE 1 2  

F A l L E D  $1-1 TOOL S T E E L  BEARING AFTER R U N N I N G  9 5  x 106 REVOLUTIONS 
AT 45 ,000  RPM, A MEAN TEblPERATLRE OF 5 5 0 0 F  A N D  UNDER 3 6 5  L B S .  
THRUST LOAD WITH C I R C U L A T I 3 G  K E N D E X  BRIGHT STOCK 0 8 4 6  O I L  I N  A 

N Q  BLANKET I 
( B e a r i n g  N o .  192  on L o a d  E n d  F r o m  R u n  N o .  5 4 )  I 

I 
1 
I 
I 
8 

8 
8 
8 
8 
I 
1 
I 
8 

T 2 8 O 4 2 2  
I N I T I A L  CAGE 

I N N E R  R A C E W A Y  
T 2 8 Q j  1 2  T 2 8 Q 4 0 2  OL'TER RACEWAY 
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E N C L O S U R E  13 

U N F A I L E D  M-1 T O O L  S T E E L  B E A R I N G  A F T E R  R U N N I N G  95  x l o 6  R E V O L U T I O N S  
A T  4 5 , 0 0 0  R P M ,  A MEAN T E M P E R A T U R E  OF 500*F A N D  U N D E R  365  LBS.  T H R V S T  
L O A D  W I T H  C I R C U L A T I N G  K E N D E X  B R I G H T  S T O C K  0846 O I L  I N  A N 7  B L A N K E T  

( B e a r i n g  N o .  1 9 3  on D r i v e  E n d  f r o m  R u n  No. 5 4 )  

T 2 8 9 4 1 1  I N N E R  R A C E W A Y  

T289421 

C A G E  

T 2 8 9 3 0 7  
O U T E R  R A C E W A Y  
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ENCLOSURE 1 4  

UNFAILED M-1 TOOL S T E E L  BEARING AFTER R U N N I N G  2 4 3  x 106 REVOLUTIONS 
AT 45,000 RPM, A MEAN TEMPERATURE OF 5 2 5 O F  A N D  UNDER 365 L B S .  THRUST 
LOAD WITH CIRCULATING KENDEX BRIGHT STOCK 0 8 4 6  O I L  I N  A N7 BLANKET. 

( B e a r i n g  No. 197 o n  D r i v e  E n d  F r o m  R u n  N o .  55) 

T 2 8 W l 9  
CAGE 

3 T 2 8 9 4 1 0  
INNER R A C E W A Y  

T 2 8 9 *  
OUTER RACEWAY 
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ENCLOSURE 1 5  

UNFAILED M - 1  TOOL S T E E L  BEARING AFTER R U N N I N G  243 x l o 6  REVOLUTIONS 
AT 45,000 RPM, A MEAN TEMPERATURE OF 550CF A N D  UNDER 365 LBS.  THRUST 
LOAD WITH CIRCULATING KENDEX BRIGHT STOCK 0846 O I L  I N  A N 7  BLANKET 

( B e a r i n g  N o .  196 o n  L o a d  E n d  F r o m  R u n  N o .  5 5 )  

CAGE 

T 2 8 9 4 1 7  INNER RACEWAY OUTER R A C E W A Y  T 2 8 9 4 0 6  
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ENCLOSURE 21 

CAGE COMPATABILITY T E S T  RESULTS WITH M-1 (Rc 60) CAGE S P E C I M E N S  
USING L U B R I C A N T S  NOTED A T  1,000 L B S .  LOAD AND 1200 RPM 

( A v e r a g e  Wear S c a r  A r e a  Vs.  Hours R u n )  
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ENCLOSURE 22 

C A G E  COMPATABILITY TEST RESULTS WITH S-MONEL ( R c  3 3 )  CAGE SPECIMENS 
A N D  LUBRICANTS AS NOTED A T  700°F, 1 0 0 0  LBS. LOAD A N D  1200 RPM 

( A v e r a g e  Wear S c a r  Area Vs. Hour R u n )  
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